It has been a standard agricultural practice to fertilize Brassica crops with sulfur to enhance yield. However, current atmospheric deposition of sulfur does not meet pack choi (Brassica rapa Var. chinensis (L.)) requirement which is excellent sources of beta carotene and glucosinolates that are associated with reduced incidence of cancers and cardiovascular diseases. In such soils the release of sulfur from organic matter could be vital for the supply of sulfur. Thus, pot experiments in a green house was conducted at the experimental station Dürnast TU Weihenstephan to investigate the effect biogas residues as source of sulfur as measured by plant sulfur (S) uptake. The experiment comprised 20 different fertilization variants viz., 16 biogas residues and 3 mineral sulfur fertilizer variants that is, S-30, S-60, and S-90 mg/pot, and a control (S-0), replicated trice. Pots were arranged in completely randomized design. Plant parameters were measured at harvest. Sulfur was not a limiting factor for dry matter yield in pak choi. ). It is concluded that sulfur limitation from less atmospheric deposition could in the short term be replaced by some biogas residues to maintain yield and quality of pak choi.
INTRODUCTION
Pak choi (Brassica rapa Var. chinensis (L.) evolved in China, and its cultivation was recorded as far back as the 5 th century AD. It is widely grown in southern and central China, and Taiwan. It is now widely cultivated in Asia. Pak choi was introduced to Europe by the mid-18 th century. In recent years, it has gained popularity in northern America, Australia and Europe, particularly in German, where there are concentrations of eastern Asiatic immigrants (Tan, 1999) .
Mean nutrient composition [100g -1 FM] of pak choi represent water 95 g; protein 1.3 g; fat 0.26 g; carbohydrates 1.4 g; fiber 1.3 g; ash 0.59 g; carotene 1.6 mg; thiamine 0.03 mg; riboflavin 0.11; niacin 0.51; vitamin C 39 mg (Kallabis-Rippel, 2000) . The dark green leaves of pak choi are excellent sources of beta carotene and glucosinolates. Both of these compounds are associated *Corresponding author. E-mail: mewaelk@yahoo.com with reduced incidence of cancers and cardiovascular diseases (Jenny, 2005) . Brassica species have been reported to represent 1.7 to 8.0% of total plant sulfur (Fieldsend and Milford, 1994; Blake-Kalff et al., 1998) . This may reflect their production of specialized sulfurcontaining metabolites, such as glucosinolates. It is currently standard agricultural practice to fertilize Brassica crops with sulfur to enhance yield (Walker and Booth, 1992) , since even mild sulfur shortages can result in reduced yield and quality of Brassicaceae without the appearance of visible symptoms.
Sulfur, an essential element for plant growth, has received lesser attention than it deserves. Sulfur deficiency, in the last two decades, has been recognized as a constraint in crop production all over the world (Eriksen et al., 2004; Girma et al., 2005; Mascagni et al., 2008) . Current inputs of sulfur from atmospheric deposition are less than 10 kg ha -1 in most Western European countries (Hu et al., 2005) , which is less than the amounts of sulfur required by most crops (McGrath et al., 2002 as cited in Scherer, 2009 ). In Western Europe, incidence of sulfur deficiency has increasingly been reported in Brassica over the last decade (Scherer, 2001) . Pak choi is one in the group for which sulfur deficiency can cause losses in yield and quality. In Bavaria, in the last 15 years, sulfur emissions were reduced from about 30 to 50 kg ha -1 year -1 in the 1980's to 5 to 6 kg ha -1 year -1 in the beginning of the 20 th century (Guster and Tucher, 2001 ). Therefore, demand based sulfur fertilization for specific crops (20 to 70 kg ha -1 ) is becoming increasingly important.
The use of organic fertilizers as nutrient sources is trending as environmental friendly with a prerequisite of high short term release of plant available sulfur. According to Bermuth (2008) , despite the steadily growing number of biogas plants which produce biogas residues which are heterogeneous in their composition and used as organic fertilizers, the effect of the biogas residues as a source of sulfur to plants is largely unknown. This experiment was, therefore, carried out to investigate the effect of biogas residues as source of sulfur as measured by plant S uptake of pak choi (Brassica rapa Var. chinensis (L.).
MATERIALS AND METHODS
Pot experiment in a green house was conducted at the experimental station Dürnast TU Weihenstephan in 2011 to investigate the potential of biogas residues as source of sulfur to pak choi.
Experimental set up
Top soil was collected from a permanent arable land near the experimental station Dürnast TU Weihenstephan. The soil was sandy loam (56% sand, 25% silt and 19% clay), pH 5.7, and contained Ct 0.80%; Nt 0.09%; P CAL 3.5 mg 100 g -1 ; K CAL 9.6 mg 100 g -1 . Initially the soil had 4.5 mg SO4-S kg -1 soil DM and organic S 0.08 g kg -1 . Soil was percolated to wash out SO4 2--S and was air dried and mixed to create homogenous soil conditions which was then filled up to a 6 plus kg pot containing holes that ensure free drainage to impose treatments. The experiment comprised 20 different fertilization variants replicated three times setup in a Completely Randomized Design (CRD) in a green house. Sixteen of which included biogas residues from different provenances. Three of the variants were mineral sulfur fertilizer different rates vis., S-30, S-60, and S-90 mg/pot.
Biogas residues and fertilization
Biogas residues (BGR) with a broad spectrum of substrate composition were collected from different provenances. BGR were either used directly after the fermenter that is, raw non-separated (NS) (AD7=628-NS) or mechanically separated by a screw separator into a liquid fraction (614-619+627) and a solid fraction (620-625+629). Biogas residue 626 was derived from the liquid fraction 627 after reverse osmosis. In all biogas plants the purification of the biogas from SO2 was performed by the addition of iron chloride and/or the injection of air.
BGR were analyzed for dry matter content, St, SO4 -2 -S, Nt, NH4-N, P, K, Mg and Cl on fresh matter basis. Since BGR contained very different amounts of sulfur and had different dry matter, accurate adjustments were necessary to 90 mg S per pot application, which is the S-demand of pak choi. All pots received adequate amount of NH4NO3, Ca (H2PO4)2.H2O, KNO3 and Mg (NO3)2.6H2O to level out N (900 mg/pot), P (100 mg/pot), K (800 mg/pot), and Mg (100 mg/pot). In order to impose mineral sulfur fertilization variant treatments (S-30, S-60 and S-90, mg of sulfur), sulfur was applied in the form of MgSO4 along with KNO3 as a compensatory fertilization of nitrogen for shooting.
Pots with its height of 20 cm representing tillage horizon were filled with mixed upper soil from 20 cm soil depth in two layers representing the recommended incorporation of organic fertilizers with a considerably high proportion of NH4-N. Each of the sixty pots were filled with approximately 6 kg of soil portion in such a way that the bottom layer contained 2.5 kg of soil, mechanically shaked to adjust the bulk density. The next layer (middle layer) was filled with another 2.5 kg of soil to which the fertilizer treatments were added and thoroughly mixed and was again shaked. The top layer was only 1 kg of soil, which was not shaked, to cover the fertilized layer.
Planting pak choi
In the pots, 9 pre-germinated pak choi seeds (Cv. Win Choi) were placed in holes made of a sowing template, on day 31 st March, 2011. Un-emerged seeds were replaced with seedlings from the pre-germinated stock. Two weeks after sowing, six good stands per pot were retained for evaluation at harvest and the rest were thinned. Planted pots were regularly watered with distilled H2O according to 60 to 70% of the maximum water holding capacity (100% water holding capacity: 29.3% gravimetric soil water content) corresponding to a gravimetric soil water content of 17.6 to 20.5%. The pots stood up in carts in the greenhouse. Once a week, all pots were randomly shifted. The pak choi plants were regularly checked for pests and diseases during the study period. At harvest that is, on 17 May 2011 (47 DAP), plant parameters were recorded for evaluation.
Laboratory analysis

Analysis of the biogas residues
Liquid, solid and raw BGR were analyzed for dry matter content (drying at 100°C after the addition of sand for the liquid residues), for pH value (with pH sensitive electrode after the addition of CaCl2 for the solid residues), for total contents of S, P, K and Mg after wet digestion with HNO3 and perchloric acid with an ICP-OES (Liberty, Varian, Mulgrave, Australia) using the lines of 182.034 nm for S, 213.618 nm for P, 769.896 nm for K, 285.213 for Mg), for total N after Kjeldahl digestion, steam distillation and titration with H2SO4, for NH4-N by steam distillation and titration with H2SO4, for Cl -and SO4 2--S after extraction with H2O dist. by ion chromatography (for further details see "soil analysis"). Organic carbon was determined by subtracting carbonate-C (measured following the Scheibler procedure that is, gas-volumetric measurement of CO2 release after the addition of HCl) from total C which was measured after freezedrying using an isotopic ratio mass spectrometer (Anca, SL 20-20, Europa Scientific, Crewe, UK). Selected characteristics of the BGR are presented in Table 1 .
Plant analysis
Fresh matter was put in an oven at 70°C for three days for the purpose of dry matter determination. Plant material in the oven was frequently turned for proper drying due to the succulent nature of pak choi. After the dry matter weight was recorded, the plant material was crushed for analysis of total S and SO4 2-S. S uptake was calculated. For total S (St) determination, about 0.3 g of dried and ground plant material (pak choi) was placed in closed vessels in a microwave oven for wet digestion under controlled pressure (120 psi) after the addition of HNO3 and H2O2. Solutions were filled up to 50 ml and filtered. The S concentration was measured by ICP-AES at 182.034 nm. For the determination of the content of SO4 2--S in the leaves, 150 mg of dried and ground material was extracted using 50 ml distilled H2O shaken for 1 h. The solution was filtered and diluted if necessary. SO4 2--S was measured by ion chromatography. The chromatographic conditions were: column AS11; eluent: 5 mmol L -1 NaOH; flow 1ml min -1 ; detection by conductivity.
Statistical analysis
Statistical significance of differences between treatments were determined by Tukey HSDa,b mean separation test for multiple comparisons after analysis of variance (ANOVA), using IBM SPSS 19. All tests including correlation were performed at a significance level of P < 0.05.
RESULTS AND DISCUSSION
An acute deficiency of sulfur in the soil has been observed in Europe since the 1980's.
Vegetables requiring a higher supply of sulfur began to respond very sensitively. One of the most demanding vegetables is pak choi-a brassica species. Reductions in atmospheric sulfur deposition have created sulfur deficiency in some agricultural soils. In such soils the release of sulfur from organic matter may be important for the supply of S to plants. Table 1 shows the characteristics of the biogas residue variants and the different biogas feed from different provenances.
Composition and characteristics of biogas residues
Dry matter yield
The treatments showed no significant effect on dry matter yield and the values recorded ranged from about 23 to 31 g per pot (Figure 1d ). Taking organic fertilization into consideration, higher dry matter yield was recorded by 626 L followed by 622-S and 619 L, whereas lower dry matter was recorded in pots fertilized with 621-S followed by 625-S, 629-S and 620-S. Higher dry matter production coupled with maximum translocation of photosynthates (DM) into sink decides the yield of crops (Krishnamurthy et al., 1973 ). Yet, dry matter composition of plant products is an important quality parameter of foodstuffs and so for pak choi. The S nutritional status of crops has a significant influence on the nutritive value and sensory features of plant products. Nevertheless, in this study, the differences between the treatments were not significant. Irrespective of fertilization forms and levels, dry matter yield did not differ significantly. The increase in percent dry matter yield when compared the minimum (23 g) in 621-S and maximum (31 g) in 626-L was only 25%. It is a possible tradeoff that sulfur was mainly involved in the production of secondary metabolites rather than growth in pak choi. Figure 1a depicts S-content of whole shoots of pak choi at harvest. S-fertilization resulted in sulfur content that range from 0.11 to 0.39%. The highest response to applied sulfur in terms of its concentration in leaf was noted to be in the pots fertilized with S-60 which was on par with S-90 and 626-L fertilization while the lowest record was exhibited by the biogas residue fertilization 619-L which was on par with control. The strong positive correlation of total sulfur to soil SO 4 2--S (mg/pot) released (r = 0.941**) and plant SO 4 2--S (%) content (r= 0.958**) explains their positive role in sulfur accumulation in pak choi leaves. This agrees with the finding reported by Gupta et al. (1997) in oilseed rape.
Total sulfur content (St)
Plant S uptake
S uptake defined as a product of plant dry matter and total sulfur was found to show significant variation due to the fertilization variants. Figure 1b depicts significant effect of fertilizer variants on S uptake of pak choi. The BGR 626-L recorded the highest plant uptake of 94 mg/pot which was on par with S non-limiting fertilizer S-90 (88 mg/pot). The significantly least S uptake was observed in the pots fertilized with 621-S (26 mg/pot) followed by S-0 (27 mg/pot). S-uptake tended to show an inverse relationship with C org :S (R 2 =0.845) of BGR fertilizers and a direct relation with soil SO 4 2--S (R 2 =0.950) (Figure 2 ).
Plant SO 4 2--S content
S-fertilization resulted in SO 4 2--S contents of 9.0 mg SO 4 2--S /100 g to 119.5 mg SO 4 2--S /100 g ( Figure 1c ). When comparing the SO 4 2--S content as a result of mineral fertilization, it was apparent that the control and S-30 showed lower content and the highest record by of S-60 which was followed by S-90. With regard to the biogas residue variants, the highest SO 4 2--S content was recorded in the pot fertilized with 626-L which was comparable with mineral fertilizer variants S-60 and S-90, followed by 628-NS, 629-S and 627-L. The SO 4 2--S contents of all other treatments with biogas residue fertilization were comparable to each other and with control without S fertilization. SO 4 2--S in the plant was strongly associated (r=0.918 ** ) with an increased SO 4 2--S content in the soil from the mineralization experiment.
Correlation of soil and plant parameters
Soil parameters were obtained from a parallel conducted soil incubation experiment set up likewise but unplanted to determine the release of SO 4 2--S due to mineralization (Table 3) .
There was highly significant positive correlation of soil SO 4 2--S with plant S t content (r=0.941**), plant SO 4 2--S content (0.918**). In addition there were highly significant correlations between plant parameters that is, plant S t content and, plant SO 4 2--S content (0.958**) ( Table 2 ). It is concluded that sulfur limitation from less atmospheric deposition can in the short term be replaced by some biogas residues to maintain yield and quality of pak choi. 
